Following the discovery of fullerenes (C 60 ) and carbon nanotubes, it was shown that nanoparticles of inorganic layered compounds, like WS 2 and MoS 2 , are unstable in the planar form and they form closed cage structures with polyhedral or nanotubular shapes.
Introduction
The formation of closed-cage structures, namely the fullerenes (C 60 ) and nanotubes, which was known previously for carbon, is no longer unique and exclusive to this element alone [1, 2] . Such inorganic counterparts as the inorganic fullerene-like nanoparticles (IF) and inorganic nanotubes (INTs), discovered in 1992, have elicited considerable interest ever since in this emerging field [3] [4] [5] . The reason for the formation of such closedcage structures akin to carbon is intriguing. In the case of the layered compounds of MS 2 (M = Mo, W) (Fig. 1b) which were the first examples of the closed-cage inorganic fullerene-like nanoparticles and inorganic nanotubes, the molecular sheet is made of a layer of M atoms sandwiched between two outer sulfur layers. Each M atom binds to six sulfur atoms to form a trigonal biprism. In analogy to graphite (Fig. 1a) , weak van der Waals forces are responsible for the stacking of the S-M-S layers together. Like graphite, such compounds are highly anisotropic with respect to many of their physical and chemical properties. The basal (Van der Waals) surfaces of the crystal, which are perpendicular to the c axis, consist of sulfur atoms that form bonds to three underlying W/Mo atoms; these sulfur atoms are chemically quite inert. However, rim W/Mo and S atoms, which are abundant in the nano-regime, are only four-and twofold bonded, respectively, making these nanostructures unstable in the planar form. Therefore, by folding the molecular sheet and stitching the rim atoms together, seamless and stable nano-tubular (one dimensional) and spherical (zero-dimensional) structures with all W/Mo and S atoms being six-and threefold-bonded, respectively, are obtained [6, 7] . Initially only the transition metal chalcogenides of WS 2 and MoS 2 were known in the form of closed cage structures and nanotubes. However, over the last decade this family has been expanded considerably and it now encompasses a large number of other compounds like oxides, nitrides, chlorides, sulphides and selenides. For example they now include metal chalcogenides: IF-W(Mo)Se 2 3 . Furthermore, nanotubes of quasi-isotropic compounds, like, CdS, CdSe, GaN and ZnO have been synthesized in recent years. The syntheses, properties and applications for all these compounds have been extensively discussed in major reviews [6] [7] [8] [9] [10] [11] [12] . This list seems to be ever expanding with the synthesis of many more compounds in the form of IF or INTs. Various synthetic methods have been conceived for the formation of IF and INT. These include both physical and chemical methods. The physical methods include laser ablation and solar ablation, while the chemical methods include pyrolysis and thermal decomposition (starting, for example, from the respective ammonium thiomolybdates and ammonium thiothungstates) [10] . Of the various methods mentioned above, the gas-phase method has been successfully employed for the synthesis of a variety of IF nanoparticles and nanotubes. This method has provided a major alternative to the other methods known so far, and now serves as a generic route to a host of IF and INTs. The salient features of the gas-phase synthesis are dealt with in detail in this review. The various other synthetic routes are also briefly reviewed.
Synthesis

Physical methods of synthesis
Physical methods, which in general do not involve a net chemical reaction, have been used extensively for producing IF structures. These include both laser and solar (photothermal) ablation.
Laser Ablation
In this technique, a pulsed laser beam is aimed at a pressed pellet. Visible/IR laser light incident on a solid target is normally absorbed by the electronic modes, followed by a thermalization process and conversion of the excess energy to vibrational excitations. Laser ablation processes occur all in the very short time-scale of a few nanoseconds at most. Stages of the process include light-absorption, photoionization, heat diffusion, and the evaporation of a plume consisting of atoms, clusters and ions. The ablation process depends on the target material, laser wavelength and the power density. An important feature of the ablation is the recoil of the plume of atoms, ions, nanoparticles and clusters from the ablation spot through the hot vapors and the hot plasma. The recoil phenomenon is explained by the high pressure of the gases formed inside the cavities in the pellet during the ablation process. The recoiled particles/clusters may be carried by the gas turbulence back into the hot zone of the furnace. This process provides additional energy to the nanoclusters, allowing them to form stable clusters and nanoparticles. Subsequently, the nanoclusters are taken by the gas stream outside the reactor where they cool down. The soot is collected from the reactor walls or from a substrate placed downstream of the reactor. Unlike the chemical synthetic route, the mechanism of formation of the small and symmetric inorganic fullerenes and the larger quasi-spherical (fullerene-like) structures in these high energy set-ups is not yet well understood. Also there is no control over the final product formed. Although this method has been used extensively over the last two decades, there is little understanding of how to optimize the process. The [19], CdI 2 [20] , CdCl 2 [21] ) and alkali metal oxides (Cs 2 O [22] ). Laser ablation is an instantaneous and energetic method in which the ablated species form a cloud of atoms which quench very fast leaving no time for a diffusion process of atoms and leading thereby to the formation of stable clusters made of a few thousand atoms only, like MoS 2 nanooctahedra [23 a-d], etc. These unique species were predicted but rarely observed in the oxide to sulfide synthesis [23e], which is not energetic enough to produce species of higher energy, like the nanooctahedra. Symmetric nanooctahedra of MoS 2 and MoSe 2 were produced by laser ablation for the first time in 1999 [23 a, b] and are now known to be the true IF nanoparticles. In analogy to carbon fullerenes, and to the BN system, closed inorganic cages produced by energetic techniques are expected also to be highly symmetric and to occur in a range of several specific sizes [6, 7, 23] . Detailed theoretical analysis using density-functional tight-binding coupled with molecular dynamics (DFTB-MD) for MoS 2 nanooctahedra has been undertaken, permitting a direct comparison with experimental data [6, 7, 23] . Furthermore, using a few other simplifications, the calculations could be extended to any size, and the phase stability could be compared with that of MoS 2 nanoparticles with different structures. The great similarity between the experimental and calculated observations is compelling and gives further credibility to that analysis. A few important conclusions can be drawn from the combined theoreticalexperimental study [6, 7, 23] : (1) the nanooctahedra are stable over a limited size range of about 2,000-100,000 atoms (3-6 nm). Below this size, triangular MoS 2 (or MoS 2+x ) nanoplatelets are more stable, whereas quasispherical closed cage (fullerene-like) nanoparticles and multiwall nanotubes become the most stable species above the higher limit (> 10 nm). At even larger sizes (approximately 10 7 atoms) macroscopic MoS 2 platelets with 2H lattice symmetry, i.e. made of two repeat layers with hexagonal symmetry, become the most stable structure (2) . Among the possible stable nanooctahedra structures those with the formula Mo n S 2n-12 with two missing sulfur atoms in each of the six corners, seem to be the most stable structures in this size range (3). Whereas MoS 2 platelets and the quasi-spherical nested structures are semiconductors, the DFTB-MD calculations indicate that the nanooctahedra exhibit metal-like character. Despite there being only small overall chemical differences between the different structures, the nanooctahedra seem to be the most stable in the size range of a few nm.
The use of the energetic physical systems such as laser ablation, described above, may also yield IF from materials whose high chemical reactivity makes them inaccessible to other preparation methods, or produce morphologies different to those previously observed from chemical syntheses. Being highly energetic, these methods scan the energy landscape of configurations which are formed far for equilibrium, like the MoS 2 nanooctahedra which could not be produced by near equilibrium chemical reactions. A case in a point is the preparation of IF structures of the highly reactive compound Cs 2 O [22] . Here the chemical methods have so far failed to produce such nanostructures. Films with a Cs/O ratio of approximately 2:1 are known to reduce the electron work function, increasing the sensitivity of optoelectronic detectors, used, for example, in medical imaging. Unfortunately, these films are highly reactive and are damaged by even a short exposure to poor vacuum conditions. Therefore, the synthesis of bulk powder of the layered 3R-Cs 2 O (anti cadmium-chloride structure) is not trivial and it was not possible to verify its structure by TEM analysis until recently. Nested closed nanoparticles of Cs 2 O could be observed in laserablated powder sealed in a closed quartz ampoule. Initially the IF nanoparticles were observed in tiny amounts and subsequently, using solar ablation (which will be discussed subsequently), in larger quantities. Remarkably though, once these IF nanoparticles form, they are very stable and suffer only slow degradation in the ambient atmosphere. This observation is a remarkable manifestation of the kinetic stabilization brought about by the closed-cage structure.
Solar Ablation
Apart from laser ablation one other physical method of synthesis that has received some attention in recent years is solar ablation. By this method of synthesis one creates sharp radiation and temperature gradients, as well as the high temperature annealing environment, which favors nanomaterial syntheses. Using highly concentrated sunlight, it was possible to generate IF-Cs 2 O nanoparticles [24] . This process has now been extended to generate a plethora of IF-MoS 2 nanoparticles as well as nanotubes. These solar ablation products include, a series of nanoparticles ranging from single-walled nanotubes to their larger multi-walled counterparts [25] . In effect solar ablation constitutes a relatively simple, economical and purely photothermal procedure for the synthesis of assorted nanostructures. Here again there is no control over the nature of the outcome of the final product and the growth mechanisms involved are poorly understood as yet.
Chemical methods of synthesis
Oxide-assisted synthesis of IF-nanoparticles and nanotubes
The first method of synthesis used for IF nanoparticles was by sulfidizing ultra-thin WO 3 (MoO 3 ) films in a reducing atmosphere at elevated temperatures (850ºC) [3] [4] [5] . Thereafter the initial route for large scale synthesis of IF nanoparticles involved the use of oxides as the starting materials [26] [27] [28] . After a clear understanding of the mechanism was established, large scale synthesis of IF nanoparticles and nanotubes was made possible by use of the fluidized-bed reactor (FBR), which has significant advantages over the previous syntheses. The falling bed and especially the fluidized bed setups produced IF nanoparticles having more perfect (spherical) shape than the product of the previous synthetic systems. This observation is accounted for by the fact that the reaction takes place in the gas phase, where an isotropic environment for the reaction prevails. The vertical posture of the oven allows continuous addition of the oxide powder into the chamber during the reaction. Moreover, the fluidized bed concept lends itself to scale-up, and to the production of appreciably larger amounts of a pure IF phase, with little or no compromise on the yield or quality of the product [29, 30] . During the time lapse between the start of the forced fall of the oxide nanoparticle into the topmost part of the reactor and its landing on the filter (ca. 1s, in the case of the falling bed reactor), the first closed atomic layer of WS 2 on the surface of the oxide nanoparticle is formed. Consequently, the size of the IF particle is determined by the size of the incipient oxide nanoparticle (Scheme 1). This primary step is essential for the success of the IF synthesis, since it passivates the nanoparticles' surface and prohibits coalescence of the nanoparticles when they land on the bottom of the reactor. There they are gradually converted to IF nanoparticles. Obviously, coarse graining of the oxide particles is minimized in the case of a fluidized bed reactor, where the nanoparticles are fluidized in the gas atmosphere during the entire reaction time. After the first sulfide layer surrounded an oxide nanoparticle, a rather fast reduction of the oxide core by hydrogen (ca. 1 min) occurs. In this process there is also fast deintercalation of oxygen and formation of (Wadsley-type) crystal shears, i.e. rows of edge sharing octahedra. Subsequently, slow intercalation of sulfur between the already formed outer WS 2 layers takes place, followed by diffusion to the growth front, where the oxide is converted into tungsten sulfide. In the case of nanoparticles smaller than 100 nm this later process may last 60-120 min. The use of relatively large oxide particles (about >0.2 µm), in which sulfur intercalation was rather slow, required the addition of an extra annealing step at 950°C (5 h) at the end of the present process, in order to complete the conversion of the oxide core into tungsten sulfide [26] [27] [28] [29] [30] . Some IF-WS 2 nanoparticles and nanotubes synthesized by this oxideassisted process are shown in Fig others, including IF-ReS 2 nanoparticles [31] . In contrast to other 2D MX 2 compounds (X = S, Se, Cl, I), which have a hexagonal symmetry and only exhibit metal to nonmetal bonds, the layered ReS 2 consists of repeating Re 4 parallelogram motifs with covalent bonds linking neighboring metal atoms, in addition to the ubiquitous metal to nonmetal bonds. This arrangement of the atoms in the lattice reduces the symmetry of the compound to a monoclinic P Ī. ReS 2 is a semiconductor, which makes its IF nanostructures interesting for a host of potential applications in photocatalysis, nanotechnology, and other areas. In the case of IF-WS 2 , the specific gravity of the starting material (WO 3 ) is lower than that of the sulfide product, thus leaving a hollow core of about 10% in the center of the nanoparticles. However, the specific gravity of the starting ReO 2 powder is appreciably higher than that of the end product (IF-ReS 2 ). Since the out-diffusion of rhenium during sulfurization is not likely, the rhenium content remains unchanged during the reaction for each nanoparticle. Therefore, the core of the IF nanoparticles is not expected to be hollow at the end of the reaction, as is indeed the case. In fact, the reaction may cease as a result of a build-up of internal pressure, which results from the differences in the specific gravity between the oxide precursor and the sulfide compound. The oxidesulfide route of synthesis has also been validated by many other groups and is now used extensively to synthesize a host of IF nanoparticles and nanotubes of the transition metal chalcogenides [32] [33] [34] [35] [36] [37] .
Other methods of synthesis of IF-nanoparticles and nanotubes
Other methods of synthesis that have been used include a direct pyrolysis method from artificial lamellar mesostructures to form WS 2 nanotubes [38] , and thermal decomposition of ammonium thiomolybdate and thiotungstate at higher temperatures to form MoS 2 , WS 2 and a host of other transition metal dichalcogenide nanotubes [10, 39] .
Gas phase synthesis of inorganic fullerene-like nanoparticles and inorganic nanotubes
One of the interesting chemical methods of synthesis that has evolved in recent years is the gas-phase synthesis of IF nanoparticles and nanotubes of a variety of transition metal dichalcogenides. The synthesis of fullerene-like structures and nanotubes from the respective oxide nanoparticles is a slow diffusioncontrolled process, which is limited to reactive oxides such as WO 3 and therefore is not easily achieved for less reactive oxides, such as those of titanium and niobium. To try and alleviate these deficiencies, a new strategy was developed, namely the gas-phase synthesis, in which metal halides or metal carbonyls are used as the precursors [40, 41] . These compounds have a high vapor pressure at temperatures below 300°C and are very unstable, reacting with H 2 X (X= S, Se, Te) vapor instantaneously. This method of synthesis, which has significant advantages over the other processes, is discussed in detail in this review. Interestingly, this method has allowed doping to be achieved for the first time in the case of IF nanoparticles and nanotubes. One drawback of this reaction is the high sensitivity of the metal halides to water and oxygen. Stringent care is therefore required to ensure low humidity and an oxygen-free atmosphere.
Synthesis of IF nanoparticles and nanotubes using Metal Chloride precursors
IF-MoS 2 nanoparticles and nanotubes
Inorganic fullerene (IF) nanoparticles of MoS 2 were synthesized using a gas-phase reaction starting from MoCl 5 and H 2 S ( Table 1 ). The experimental set-up that was used for this synthesis involved a two-stage furnace in which the precursor was heated in the auxiliary furnace ( Fig. 3b) , and the reaction occurred in the hot zone of the main vertical furnace [42] . A schematic of the experimental set-up is shown in Fig. 3 . The vapors of the precursor are carried into the main reactor by flowing N 2 and/or H 2 . The reaction occurs in the main reactor (Fig. 3a) where the vapors of the precursor encounter the stream of H 2 S gas which is used as the sulphidizing agent. The product of these reactions is swept in the flow of gases and collected on the filter, which is at the relatively cooler end of the reactor. The IF-MoS 2 nanoparticles are spherical, and in some cases faceted, with diameters in general ranging between 20 and 80 nm (Fig. 4) . The IF-MoS 2 nanoparticles also have large cores, which may be hollow or filled with amorphous material. Various parameters were investigated to understand the growth and formation of the IF-MoS 2 nanoparticles. The parameters that were studied included flow rates of the various carrier gases, temperatures at which the reaction was carried out, time of the reaction and heating of the precursor material. Apart from the fullerene-like nanoparticles, nanotubes of MoS 2 ( Fig. 5) were also obtained in small yields under certain experimental conditions.
IF-WS 2 nanoparticles and nanotubes
IF-WS 2 nanoparticles and nanotubes were synthesized by a gas phase reaction starting from WCl n (n = 4, 5, 6) and H 2 S ( Table 1 ). The effect of the various metal chloride precursors WCl n (n = 4, 5, 6) on the formation of the products was investigated during the course of the study [43] . Here again various parameters have been studied to understand the growth and formation of the IF-WS 2 nanoparticles and nanotubes. In the case of the synthesis of the IF-WS 2 nanoparticles and nanotubes, in addition to the vertical reactor [42] , a horizontal reactor (Fig. 6 ) was also employed [43] . The vapors of the precursor were carried into the main reactor by flowing N 2 and H 2 gases. The reducing atmosphere ensured complete reduction of the metal chlorides used. The reaction occurs at the main reactor where the vapor of the precursor encounters the flow of H 2 S which is used as the sulphidizing agent. Fig. 7 Shown in Fig. 8 are the TEM images of typical WS 2 nanotubes which were obtained by the reaction between WCl 5 and H 2 S. The nanotubes come in small yields (~ 5% of the total) and they are open ended, 8-10 layers thick and with an outer diameter varying between 20 and 30 nm. These nanotubes are not very different from the ones obtained starting from the respective metal oxides or other precursors [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , but are much shorter. The interlayer distance in the case of the nanotubes is found to be ~ 0.62 nm.
The most pronounced evidence for the formation of the IF nanoparticles and nanotubes comes from the expansion of the interlayer spacing (~ 0.62 in the case of the IF phase as compared to 0.615 nm in the case of the 2H phase). This is revealed in the XRD pattern, in which the (002) peak is characterized by a shift to a lower angle than the (002) peak in hexagonal 2H crystals. This shift of the (002) peak indicates about 2% lattice expansion as compared with the bulk material. This expansion has been attributed to the introduction of strain owing to the curvature of the layers [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . These are the characteristics that provide the most pronounced evidence for the formation of IF structures.
IF-TiS 2 nanoparticles
TiS 2 crystallizes in a layered structure where the layers of titanium disulfide are stacked together via the relatively weak Van-der-Waals forces. Each TiS 2 sheet consists of a layer of metal atoms, sandwiched between two chalcogen layers, with the metal atom bonded to six chalcogen atoms in an octahedral coordination [6] [7] [8] . The relationship between stoichiometry, structure and electrical conductivity of TiS 2 has been investigated previously. Inorganic closed-cage nanoparticles of TiS 2 were synthesized starting from TiCl 4 and H 2 S (Table 1) in a gas-phase reaction, using both the vertical and horizontal reactors [44] . The reported nanoparticles are perfectly spherical with diameters between 60 and 80 nm, consisting of 80-100 concentric layers. The use of the vertical reactor instead of the horizontal one resulted in more perfect nanoparticles, smaller size distribution, and higher yields. The resulting IF-TiS 2 nanoparticles were also found to be more spherical than those obtained with the horizontal reactor. The yield of closed-cage nanostructures rose to about 80% (compared to 30% in the early experiments with the horizontal reactor). TEM examination shows the closed-cage nanostructures ( Fig. 9a and c) in the product of the reaction between TiCl 4 and H 2 S. The obtained nanoparticles were found to be quite perfectly spherical. The hollow core, which was observed in the IF-WS 2 (MoS 2 ) nanoparticles, was not present in these particles. TEM-EDS analysis of the nanoparticles showed that the sample contained titanium and sulfur, in an approximate ratio of 1:2. This analysis demonstrates that the stable IF-TiS 2 structure does not show any significant tendency to deviate from the 1:2 stoichiometry. The interlayer distance obtained from either Fourier transform analysis (Fig. 9b) , or a direct measurement was found to be 0.58 nm. This value represents an expansion of about 1.8% in comparison to the layer to layer separation in bulk TiS 2 (0.57 nm) [44] . As mentioned before an expansion of the interlayer distance in the lattice is a well documented phenomenon in IF nanoparticles which stems from the large elastic strain involved in the bending of the molecular layers. The electronic properties of TiS 2 (bulk) were shown to vary with the number of slabs (TiS 2 layers) in the material. Ab initio band structure calculations predict that a single slab of TiS 2 is semi-conducting, but that as the number of layers increases beyond ~ 11, the material becomes semi-metallic [44] . This prediction still needs verification for the case of the IF-TiS 2 nanoparticles.
IF-NbS 2 nanoparticles
NbS 2 were the first IF nanoparticles to be synthesized by the gas phase reaction [40] . Two polymorphs of the layered niobium disulfide have been identified thus far. A rhombohedral-3R (R3m) polytype with a unit cell consisting of three NbS 2 slabs is formed when the elements are heated below 800ºC. The hexagonal-2H (P6 3 /mmc) polymorph, which has a unit cell consisting of two NbS 2 slabs, is obtained above 850ºC. Nonstoichiometric 3R-Nb 1+x S 2 compounds were also found [40] . Further studies showed that the 3R polytype exists for at least 0 < x < 0.18, while the 2H polytype is stable only for small deviations from stoichiometry. Both phases exhibit metallic behavior, and the 2H-phase even shows superconductivity below 6.23 K. Ab-initio calculations showed that, irrespective of their chirality, NbS 2 nanotubes are metallic with a large density of states in the Fermi level. The synthesis of NbS 2 onions (IF) was carried out by reacting NbCl 5 with H 2 S and subsequent annealing (Table 1 ) [40] . The annealing process was followed using transmission electron microscopy, which revealed the gradual removal of defects from the nested nanostructure until a highly crystalline nanoparticle is obtained (Fig. 10) . 
IF-TaS 2 nanoparticles
TaS 2 displays a number of polytypes with a tantalum atom either in trigonal prismatic or octahedral coordination and a number of different stacking orders. These are metastable at room temperature and which ones are formed depends on the temperature and hydrogen content [41] . All of these polytypes adopt a layered structure. Thus, TaS 2 is also capable of exhibiting the fullerene-like phase. IF-TaS 2 nanoparticles were produced by the gas-phase reaction between TaCl 5 and H 2 S (Table 1) (Fig. 11) . The effects of temperature and concentration of the precursor in the gas phase reaction on the resulting phase, particle size and crystallinity were examined in great detail as well [41] . Importantly, in all the above-mentioned syntheses using the gas-phase reaction, the size of the IF nanoparticles (< 200 nm) does not seem to be affected by the duration of the process.
Synthesis of IF nanoparticles using metal carbonyl precursors by metal-organic chemical vapor deposition (MOCVD)
Apart from the extensive use of metal chloride precursors, other precursors have also been used (Table 1) to synthesize IF nanoparticles by the gas phase reaction. A case in a point is the facile, large-scale synthesis of hollow IF-MoS 2 and MoSe 2 nanoparticles, which was reported by Tremel and co-workers [45] . This reaction was carried out by a metal-organic chemical vapor deposition (MOCVD) approach, wherein Mo(CO) 6 and elemental S/Se were used as the starting materials. Subsequent to the synthesis of MoS 2 the synthesis of WS 2 onion-like nanoparticles was carried out by means of MOCVD starting from W(CO) 6 and elemental sulfur [46] . This reaction was performed using either a singlestep reaction or a two-step process. In the latter kind of process the intermediate products, amorphous WS 2 nanoparticles, formed in the high-temperature reaction of tungsten and sulfur in the initial phase of the reaction, are isolated and converted into onion-type WS 2 nanoparticles in a separate annealing step. This transformation from the amorphous mixture to IF-WS 2 starts at the particle outer surface, where reactivity is the highest; i.e., an ordered WS 2 shell is formed around the amorphous core. The crystallization proceeds outside-in. As the density of the "crystalline" IF-WS 2 is larger than that of the amorphous core, there is a mass transfer to the particle boundary while the interior of the particle is depleted. The driving force for the mass transfer is a concentration gradient of WS 2 due to the compaction. The phase diagram favors 2H-WS 2 in a high temperature annealing atmosphere with S depletion. After the formation of a shell consisting of 10-20 WS 2 layers the material supply from the interior of the particle is so small that the material flow to the particle boundary ceases. As a result, the particle remains empty [46] .
Synthesis of IF nanoparticles and nanotubes using metal chloride precursors by atmospheric pressure chemical vapor deposition (APCVD)
Apart from the above mentioned synthetic approaches Li et al. [47] have developed an atmospheric pressure chemical vapor deposition (APCVD) route for the large 
Factors governing the formation of IF nanoparticles and nanotubes synthesized by the gas-phase reaction
In the case of the synthesis of the IF nanoparticles and nanotubes by the gas-phase synthesis the following factors are known to influence the course of the reaction and the nature of the final product: Temperature of the reaction (1) Flow rates of H (2) 2 S, the sulphidizing agent Flow rates of the carrier gases (N (3) 2 or N 2 + H 2 ) Heating temperatures of the precursor (4) Reaction Time (5) Effect of reducing atmosphere (6) Annealing of the as-obtained product (7) Schuffenhauer et al. [41] have shown in the case of TaS 2 that the tendency to form platelets rises with the reaction temperature and/or with the concentration of TaCl 5 vapor in the carrier gas (Fig. 12) . At higher temperatures all larger particles are platelets and the only IF nanoparticles found are small ones. It can thus be concluded that the larger IF nanoparticles are either transformed into platelets or do not form at all at higher temperatures, while smaller IF nanoparticles are more stable. A similar observation was reported for the synthesis of IF-MoS 2 and IF-WS 2 nanoparticles, where, above the optimum temperatures of synthesis, the resulting product was dominated by platelets [42, 43] . In these cases, however, nanotubes of MoS 2 and WS 2 were also obtained at higher temperatures of synthesis [42, 43] . This optimum can be attributed to two opposing effects. The folding of the MS 2 layer is enhanced when the elastic energy barrier is surpassed, i.e. heating to elevated temperatures. But at these higher temperatures diffusion and necking between neighboring nanoparticles is facilitated, leading to grain growth and formation of platelets. Therefore, there exists an optimum temperature for the synthesis of IF nanoparticles.
Mechanism of formation of the IF-MS 2 (M=Mo, W…) nanoparticles and nanotubes synthesized by the gas-phase reaction
It would be worthwhile to investigate the mechanism of formation of the IF-MS 2 nanoparticles that have been obtained starting from MCl n and H 2 S using the various reactors (Scheme 2). On heating the precursor MCl n under reducing conditions in the presence of the sulphidizing agent, the first step would involve the formation of M species (I). This species could be of the type MCl n S x (MCl n → MCl n S x ) [40] [41] [42] [43] [44] . From there, the reaction proceeds to the formation of a pure MS 2 phase. TEM-EDS analysis reveals that the final IF-MS 2 products contained no chlorine. During the course of the reaction with H 2 S, amorphous MS 3 (a-MS 3 ) (II) would first be formed (MCl n S x → MS x ), which is the dominant phase in the M-S phase diagram in the low-temperature and excess sulfur regime [3] [4] [5] [6] [7] [8] . Experimental studies have confirmed this dominance at low temperatures and in excess sulfur regime [48] [49] [50] . The development of an IF structure displaying improved crystallinity with rising temperature has been studied previously for the syntheses of IF-NbS 2 , IF-TaS 2 and IF-MoS 2 [40] [41] [42] [43] [44] (Scheme 2, II → IV). At higher reaction temperatures, the 2H-MS 2 polytype predominates. Note however, that the number of atoms in the closed molecular sheets goes down with the diameter and therefore full commensuration between outer and inner layers is not possible. Therefore, the 2H polytype can be only maintained over a limited domain size. This situation of having a-MS 3 nanoparticles as precursors is again favorable for IF-MS 2 formation through sulfur abstraction and crystallization (II → IV, II → V). With a trisulfide intermediate it should be possible to obtain the disulfide nanostructure by thermal decomposition or by reacting with hydrogen [51, 52] in accordance with the reaction: MS 3 → MS 2 + S (M = W, Mo) MS 3 + H 2 → MS 2 + H 2 S Also it can be seen from the examination of the nanoparticles that small nanoplatelets/nanosheets of MS 2 are sometimes confined in the core of the nanoparticle [42, 43] . These nanoplatelets/nanosheets could be the nuclei for further growth of the closed nanoparticles (III → IV) and nanotubes (III → V) (by rolling up of sheets onto themselves). Nanotubes of MS 2 seem especially favorable at higher temperatures of synthesis. The size of the hollow core in the case of IF-MoS 2 and IF-WS 2 is appreciably larger than that observed in the case of IF-TiS 2 [44] , which was found to have almost no free core. Large hollow cores were observed also for IFMoS 2 nanoparticles obtained by the reaction of MoCl 5 with H 2 S [42] . It is not unlikely that the size of the hollow core is determined by the vapor pressure of the MCl n (M = Mo, W, Ti…) reactant at the first encounter with the H 2 S gas. Thus, WCl 4 possess a relatively high melting point (mp), while TiCl 4 has very low mp. Arriving at the main reactor, MCl n nanodroplets of the less volatile materials react with H 2 S at their surface first, leading to empty hollow core (Scheme 2). On the other hand with its low melting (mp) and boiling (bp) points, the TiCl 4 is likely to be completely vaporized and dispersed into small clusters [44] . These nanoclusters would react with the H 2 S gas instantaneously, forming very small (< 1nm) nuclei which could serve as the seeds for the follow up growth of core-free IF-TiS 2 nanoparticles [44] . The low mp and bp of TiCl 4 may also indicate that these molecules have lower intermolecular attraction for each other, as compared to WCl 5 or MoCl 5 . Once vaporized, the TiS 2 molecules may not form large clusters in the gas phase to begin with. More work is nevertheless needed to study the details of this proposed model.
Theoretical considerations in the formation of the IF nanoparticles and nanotubes
The stability of IF nanoparticles is limited by a maximum number of formula units per particle, the value of which decreases with rising temperature. The stability of the IF phase with respect to the platelike phase has been addressed in two theoretical reports. Seifert et al. [53] have performed zero temperature calculations of the stability of MoS 2 nanotubes versus flat molecular sheets in the form of stripes using a combination of a semiempirical model and density-functional tight-binding (DFTB) method. Their results predict nested nanotubes to be more stable than flat strips above a certain threshold number of formula units per unit length. Above this threshold, the elastic energy gain of the folded layers is more than compensated by the absence of dangling bonds due to the closed nature of the structure. In numbers, nanotubes with outer diameters greater than 12 nm and five to eight layers are energetically favored over the respective strips with the same number of atoms, when one assumes the same magnitude of the Van der Waals interaction between adjacent layers for tubes and strips. These results come very close to the observable nanotubes (see for example Fig. 8 ). In the case of the spherical nanoparticles, the energy loss by the absence of unsaturated bonds is greater (per formula unit) for spherical nanoparticles than for nanotubes having the same diameter. On the other hand, the bending of the layers in the nanospheres occurs in two directions instead of one axis as with the tubes, thus the bending energy is expected to be much higher for the quasi-spherical nanoparticle. Furthermore, defects have to be introduced to construct either a spherical or a polyhedral appearance, although these point defects and/or faceted structures (grain boundaries) also lower the strain of the bent layers. This issue was dealt with in the continuum model of Srolovitz et al. [54] . Using a continuum elastic theory, they showed that thin-walled nanoparticles can easily adopt spherical shapes, while thick walled IF nanoparticles are intrinsically faceted or exhibit point dislocations to relieve the elastic strain of the folded layers. Thus, the observation of the upper limit of stability for the IF nanoparticles can be related to several factors. First, one can argue that kinetics simply prevail over thermodynamics at lower temperatures, while at higher temperatures the more stable (platelets) (Fig. 12 ) structure becomes favorable. Another kinetic consideration is that the growth rate increases so much at elevated temperatures that it does not permit enough time for the nanoparticle to fold in on itself. However, as far as thermodynamic considerations are concerned, one can state that Seifert et al. [53] did not take into their considerations the fact that a closed structure (tube or shell) has a lower entropy than a flat strip. If the contribution of the entropy term is large enough, then this would explain the observed temperature dependence. Another argument pertains to the rate of collisions, which increases with the temperature. Thus raising the temperature leads to a faster coalescence of the nanoparticles, making them thermodynamically unstable. According to the continuum model of Srolovitz et al. [54] particles whose wall thickness is very large, even up to 100% of the radius, are much more strained than hollow particles and thus the platelet shape might become more favorable for larger particles.
Stabilization of the IF phase: the special case of transition metal halides
Transition metal halides such as CdCl 2 and NiCl 2 have been synthesized as IF nanoparticles by different approaches [17] [18] [19] [20] [21] . Both compounds crystallize in the layered CdCl 2 (R3m) structure, but due to the large polarization of the metal-chlorine bond, they are highly hygroscopic. Interestingly, while bulk CdCl 2 is highly hygroscopic, the IF-CdCl 2 nanoparticles obtained through electron beam irradiation of CdCl 2 . H 2 O powder become water resistant for very long periods. This observation underpins the importance of the kinetic stabilization against hostile conditions; this kinetic stabilization is provided by the seamless structure of the nanoparticles. Two kinds of structure are typically observed for these closed polyhedra, one with hexagonal shape and the other with rectangular structure. They were interpreted by considering a generic polyhedron structure [21] . By using a sonochemical bath, nanoparticles of the layered compound Tl 2 O with anti-CdCl 2 structure were synthesized in substantial amounts. They were later isolated by selective heating of the reaction product to 300ºC. In contrast to the unstable bulk material, the seamless structure of the nanoparticles again provides a kinetic stabilization [6] [7] [8] [9] [10] [11] [12] . The closed nanoparticles do not expose the prismatic edges, and, therefore, are protected against exfoliation by water intercalation into the Van der Waals gaps, or thermal decomposition during the purification step [17] [18] [19] [20] [21] .
Properties and Applications
Modification of electronic properties --doping
One of the significant outcomes of the gas-phase synthesis is the possibility of doping IF nanoparticles and nanotubes. This would be more difficult to achieve starting from the oxides, due to complexities of the phase diagram [55] . The effect of Nb substitution on the electronic structure of MoS 2 has been investigated theoretically using density functional tight binding method (DFTB) [56] . This study predicted that mixed Mo 1-x Nb x S 2 nanotubes (with varying Nb contents) should exhibit metallic character, independent of their chirality, diameters and ordering type of the substituted atoms. In effect, the density of states close to the Fermi level of the Nb-substituted MoS 2 tubes can be tuned over a wide range by the degree of Nb doping. So far these electronic modifications by dopants have not been experimentally verified, neither in IF nanoparticles nor in nanotubes.
Consistently with the theoretical calculations, the IFMo 1-x Nb x S 2 nanoparticles synthesized by the gas-phase route did exhibit metallic behavior. This is a remarkable demonstration that doping can significantly alter the electronic properties of semiconducting IF nanoparticles, and in particular can drive a semiconductor to metal transition [55a, 56]. Shown in Fig. 13a Figure 13a) shows mismatch in the layers (Fig. 13c) . The HRTEM of another IF nanoparticle (Fig. 13d) shows defects/dislocations in the layers. The occurrence of such defects is not surprising considering the difference in coordination of the two metal atoms (trigonal biprism for the Mo and octahedral for the Nb atom). These kinds of defects were very rare in the case of the pure IF-MoS 2 nanoparticles [42,55a] . STM/ STS measurements were carried out on the IF-Mo 1-x Nb x S 2 nanoparticles at room temperature and at 4.2 K. In Figure 14 , a typical tunneling spectrum acquired at room temperature for such particles is presented, in comparison with a representative measurement performed on IF-MoS 2 nanoparticles. The spectra taken of the IF-MoS 2 nanoparticles as depicted in Fig. 14a manifest typical semiconductor-like features. They exhibited pronounced gaps (namely, regions around zero bias where the current is below the noise level) ranging between 0.9 to 1.4 eV. It should be noted here that these values do not necessarily correspond to the actual gaps, since the apparent (measured) gaps may be broadened due to voltage division between the two tunneling junctions: tip-particle and particle-substrate. Nevertheless, a clear gap around zero bias was always observed. In contrast, no gaps were detected on the IF-Mo 1-x Nb x S 2 nanoparticles, and the spectra exhibited Ohmic behavior around zero bias (Fig. 14b) . The typical Figs. 15c and 15d , respectively), were acquired with slightly different STM settings. This is known to affect the offset potential or 'residual charge', Q 0 , and consequently the tunneling conductance around zero bias (in the Coulomb blockade regime). This effect is evident by comparing Figs. 15c and 15d. These spectra could be quite well reproduced using simulations based on the 'orthodox model' for SET through a metallic particle in a double barrier tunnel junction configuration. The simulation results are presented by the dashed curves in Fig. 15 (c and d) . The good agreement between the measured and simulated peak position indicates that these particles are metal-like, revealing no signature of discrete states or semiconductor gap. Moreover, the observed charging energies of about 50 meV are also consistent with metallic particles of size similar to the IF nanoparticles. Best fit to spectrum (c) was obtained with capacitance and resistance values of C 1 = 1.1 aF and R 1 = 100 MW for the substrate-particle junction, and C 2 = 2.6 aF and R 2 = 260 MW for the tip-particle junction, and Q 0 = 0.03e (e being the electron charge S 2 nanoparticles were synthesized by a gasphase reaction of the respective metal halides with H 2 S. Interestingly, Re-doped MoS 2 nanotubes are present as well, although in small quantities (~ 5%). XPS confirm the nanoparticles to be more n-type due to the effect of Re doping. Density-functional tight-binding (DFTB) calculations support the observed n-type behavior induced due to the effect of Re-doping [55b, 56].
Surface area measurements
The surface area of the IF-MoS 2 nanoparticles synthesized by APCVD by Li et al., were determined by Brunauer-Emmett-Teller (BET) gas adsorption isotherms and was found to be about 33.4 m 2 g -1 , much larger than that of MoS 2 nanoflowers, normal MoS 2 crystals, and some MoS 2 nanotube samples [47] . With such large surface area, IF-MoS 2 samples produced in the gas-phase reaction system are expected to have promising behavior in areas such as catalysis, hydrogen storage, and as catalyst carriers.
Tribology
It was suggested that the spherical IF nanoparticles could be ideally suited as solid lubricants [6] [7] [8] . The friction coefficient was determined by carrying out pinon-flat measurements with the nanoparticles as additives to poly-a-olefin base oil at contact pressures between 0.66 and 1. other hand are less prone to oxidation and show lower friction coefficients (0.07) than IF-TaS 2 nanoparticless (0.09). To test the efficacy of IF-TiS 2 as a solid lubricant a series of tribological experiments was conducted. It was found that the addition of a small amount (1%) of the IF-TiS 2 powder led to a significant decrease (factor of 10) in the friction coefficient of the pure oil, from 0.29 to 0.03 [44] . As earlier indicated, IF-TiS 2 nanoparticles were found to be mostly spherical in shape (see Fig. 9 ) [44] . This data indicates an important role for rolling friction in providing reduced friction coefficient and wear. It can also be seen, however, that other mechanisms, like third body material transfer, are equally important [57] . When an elevated load is applied between the two matting surfaces, the nanoparticles deform and exfoliate. The exfoliated nanosheets cover the metal asperities providing facile shearing of the matting surfaces with respect to each other.
Conclusions and future directions
In this review the success of the gas-phase synthesis in the case of the formation of IF-MoS(Se) 2 , IF-WS 2 , nanoparticles and nanotubes and IF-TaS 2 , IFTiS 2 and IF-NbS 2 nanoparticles has been higlighted. One of the major achievements of this method has been that the electronic properties of the IF nanoparticles could be successfully modified with some control by enabling doping of the nanoparticles [55, 56] . Success in achieving doping to modify the electronic properties leads to other interesting possibilities. For example, it would be of interest to introduce magnetic ions/impurities for spintronic applications by synthesis using the gas-phase method [58] . It must however be admitted that this method of synthesis is still in its infancy. Questions such as the mechanism of formation, yield and large scale synthesis need to be addressed in detail. Many more kinds of transition metal dichalcogenide nanoparticles and nanotubes should be synthesized for various applications. The challenge lies in the large-scale synthesis of nanotubes of metal chalcogenides in order to examine their characteristics, such as mechanical properties [59] . This method also needs to be explored for the preparation of IF nanoparticles and nanotubes from other families of (layered) compounds like transition metal halides, oxides and nitrides [6] [7] [8] [9] [10] [11] [12] . The challenge also lies in extending the method of synthesis to include ternary and quaternary compounds in the form of nanoparticles and nanotubes [60] . There are many possibilities for novel nanostructures which might be produced via this synthesis, which could lead to the observation of a number of interesting properties. These in turn could offer numerous potential applications in tribology, high-energy-density batteries, sensors, photoconversion of solar energy and nanoelectronics [6] [7] [8] [9] [10] [11] [12] .
